Introduction
Today minimal invasive surgery is the standard method for many abdominal interventions. In the future, the aim is to further reduce the number of incision points for minimizing the trauma of the patient. One medical approach is Single-Port-Surgery, where only one incision through the abdominal wall is necessary. Usually, surgeons use curved non-flexible instruments to perform the procedure through this one access. Another way to reduce trauma is natural orifice transluminal endoscopic surgery (NOTES), where surgeons use flexible endoscopes and flexible instruments in the endoscope's working channels [1] . In order to enhance both single-port and NOTES procedures, high dexterity surgical instruments are needed that -at least -give the possibility to articulate the instrument tip [2] . The experience from the endowrist instruments of the da Vinci system shows, that it is very convenient and easy to control these kinds of multi-degree-of-freedominstruments with an electrical control interface [3] . Manual instrument control in most cases too complex and needs long training. In order to realize instruments with dedicated input devices new actuation technologies for the instrument tip are needed that are electronically controllable.
Methods
A new approach for actuating a tip of an endoscopic instrument is the use of micro hydraulics. In order to achieve sufficient forces a pressure of up to 200 bar is needed. The general advantages of the micro hydraulic approach are [4] : load transmission with high power density, flexible pipes and less friction compared to traditionally used Bowden cables. In the following paragraphs three different actuator concepts using the micro hydraulic approach will be described.
A first obvious concept towards hydraulic actuation in surgical instruments is to miniaturize conventional piston cylinders both in a single-and double acting variant. The challenge in miniaturization is to provide high pressure piston sealing with low leakage and low friction. In order to prove feasibility of hydraulic piston cylinder actuation prototypes have been realized and characterized. Results will be shown later in this paper.
The second concept to drive the tip of an instrument is a hydraulic bellow actuator. In passive state, this bellow has a cylindrical geometry with an s-shaped wall. With increasing hydraulic pressure the curves are stretched into a tube shape by bending. This causes an increase in length of the bellows. The idea is to produce such bellows by rapid prototyping technology, completely integrated into the instrument tip. Due to the high deformation ratios needed, materials with super-elastic properties have to be applied, such as shape memory alloys.
A third alternative to these actuators are artificial hydraulic muscles. They are mainly made of a flexible tube wrapped in a mesh. When a fluid is pressed into the tube the wall tries to expand in all directions. The mesh around introduces a kinematic constraint that guides the deformation to a radial expansion, while leading to an axial contraction, just like a biologic muscle.
A functional model of a miniaturized, high pressure version of such an actuator has been realized. It consists of two connection tubes with a maximum diameter of 5 mm. They enable the muscle to be connected to a chassis through screw threads at the outside. One of them has a drill hole in axial direction for the fluid. The muscle is designed for a pressure of 100 bar, to make sure that a force of 50 N is always available. For this reason special material characteristics for the flexible tube are needed. FPM tubes (outside diameter 2,7 mm thickness 0,25 mm) and NiTi tubes (outside diameter 2,6 mm thickness 0,09) have been investigated in this context. The whole setup of the hydraulic muscle is shown in Fig. 1 . Hydraulic muscles do not provide the stiffness of a cylinder. In order to obtain a defined travel, a position feedback control would be needed. That requires a sensor that measures the actual position of the actuator. To be able to integrate the whole system into an instrument for minimally invasive surgery, a sensor may not increase the actuator's size considerably. A way to realize a position measurement is to use the mesh around the actuator as an inductive sensor. The tubular mesh usually consists of an equal number of right-and left-turning wires, which cross each other with alternating upper and lower position. If the wires are made of a conductive material with an insulation layer and are electrically connected correctly at the ends of the mesh tube, they form an electric coil. When the actuator contracts, the length of the mesh is reduced and the diameter is increased at the same time. That leads to an increase of inductance. With a simple model based on a cylinder coil the relation in Eq. 1 is obtained.
and N is the total number of windings.
Results
In order to prove feasibility of the hydraulic approach in general and the actuation concepts in particular, prototypes for miniaturized piston cylinders and hydraulic muscle actuators have been realized.
The piston cylinder prototype is shown in Fig. 2 . It has an outer diameter of only 2,7 mm combined with an actuation stroke of 9 mm. It can pressurized up to 200 bar which corresponds to an actuation force of 94 N. As piston sealing element a simple o-ring has been used that causes dynamic friction forces of 2 N. Biocompatible parafine oil as well as a saline solution can be used as hydraulic fluid. Additionally a prototype of a miniature high pressure muscle actor has been produced. At tests this actor is thick to a pressure of 10 bar. It is flexible. Compared to the piston cylinder there is less friction and no slip stick effect due to the lack of relative movement of parts. It works with water and no other lubricant fluid is necessary. The muscle with a flexible tube of 50 mm made a contraction of at least 7 mm which corresponds to change in length of 14 %.
The concept for measurement of the position has been tested in an experiment, in which the inductance of a mesh with 12 insulated copper wires, an original diameter of 6 mm, an original length of 60 mm and 192 windings has been measured with an impedance analyser. Figure 3 shows the results, compared to the theoretical calculations from Eq. 1. 
Discussion
The piston cylinder prototype shows the feasibility of the hydraulic approach for minimally invasive instruments as well as of the needed micro actuator at the instrument tip. Hydraulic pressure of 200 bar and according actuator forces of almost 100 N are fairly sufficient to drive surgical instruments for tissue manipulation. For the concept of the hydraulic muscle actuator the general functionality has been shown. In order to provide the forces and power for surgical instruments the pressure resistance of the muscle has to be improved.
A concept to measure the position of a hydraulic muscle actuator has been developed and tested in experiments. The results are in good accordance with the theory.
For both piston cylinder and muscle actuator sterilization and surgical re-use is an open question. Due to its hermetic sealing the muscle actuator might have advantages regarding autoclavability. Future investigations have to point out if the hydraulic approach is compatible to re-usable instruments or if the concept is limited to single-use products.
If this question can be answered the next development step would be the realisation of roboterized multi-degree-offreedom hydraulic surgical instruments that help doctors to further avoid trauma for the patient by applying modern surgical techniques like Single-Port or NOTES.
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